PHYSICAL REVIEW A, VOLUME 61, 063806
Atom localization via resonance fluorescence
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We propose a simple scheme of atom localization based on resonance fluorescence from a standing-wave
field. The Rabi frequency is position dependent and therefore the spontaneously emitted photon carries the
information of the atomic center-of-mass motion. This leads to atom localization even during the flight through
the standing-wave field.

PACS numbds): 32.50+d

Precision position measurement of atoms has a vast higion of the atom due to its dependence on the position-
tory of interest due to its involvement in many applicationsdependent Rabi frequency of the driving field. Therefore an
like laser cooling, Bose-Einstein condensation, and atom liatom is localized as soon as the spontaneously emitted pho-
thography. The experimental progress in using light forces tdon is detected. This scheme presents a simple method for the
manipulate the motion of atonig] make it more desirable to localization of an atom using a simple two-level atom inter-
get high resolution position measurement of atoms with opacting with the classical standing-wave field. In the presence
tical techniques. of the driving field, dynamic Stark splitting of the atomic

In recent years, several schemes have been considered fgvels takes place and we get a three-peak resonance fluores-
the localization of an atom using the standing optical lightcence spectrum. The splitting is directly proportional to the
field. For example, Storegt al.[2] and Marte and Zollef3]  position-dependent Rabi frequency. Our scheme exploits this
proposed t_he idea} of a virtual “opFicaI slit.” In that spheme, fact and by measuring the frequency of the spontaneously
the atom is localized by measuring the phase shift of themitted photon we can localize the atom during its motion
optical field in a cavity due to the spatially varying atom- tnrough the standing field. It is worthwhile to mention that
field coupling. The localization in position space based orng,ch a scheme, along with a similar scheme for atom local-
the phase-shift measurement on the field is further investiy ation based on Autler-Townes spectroscopy], affords a
gated via homodyne detecti¢d,5] by using the method of jrect method to obtain information about the quantum state
quantum trajectorief5]. A related technique for the position f the radiation field without any major numerical computa-
measurement of the atom is used by Kureteal. [7] in {ions[15,16.
which the phase shift of the atomic dipole, rather than the \ye consider a two-level atorA with energy levelda)
light field is used. Kieret al.further investigated this method and|b) and transition frequency,, that is described by a
and showed that a coherent cavity field supstantially eNgenter-of-mass wave function(x). The atom is moving
hances the resolution as compared to a classical[ldn  55ng thez axis and interacts with a resonant standing-wave
a recent experiment, Kunz al.[13] demonstrated how the light field of wave vector= w,,/c aligned along the di-
entanglement between the atom’s position and its intemglction as shown in Fig. 1. The velocity component of the
state allows one to localize the atom withalitectly affect-  515m along the axis is considered large enough so that the
ing the particle’s spatial wave function. They reported themotion in this direction is treated classically. The driven
possibility of producing narrow localization structures with 5tom radiates spontaneously and one of the modes of the
widths below)/20. o scattered light interacts with the detector atByinitially in

Other techniques such as atom imaging methods are prgrs ground state. The detector atom consists of the ground
posed by Thomas and co-work¢gs-11]. These methods are g g |8) and a set of excited levels,). We assume that the

based on resonance imaging, i.e., a spatially varying potens.aitered light of wave vectds, is absorbed by the detector
tial shifts the resonance frequency.of an gtomlc transitiongiom and is excited to an appropriate energy léxgl). Our
Therefore the resonance frequency is position dependent and . . . . o0
position distribution is determined by spectroscopic methods2!™M 1S tp find the cqnd|t|onal pos_|t.|on d'|str|but|on .Of the
They achieved a spatial resolution of 17m for the atomic ~ 2°MA 1-€., the conditional p_robab|I|tyV(x,t|ako) of find-
position measurement by using the technique of atom imagPd the atomA at positionx at timet when the detector atom
ing in high magnetic field gradients. Thomasal. further ~ B is excited to the levelay ).
demonstrated that a suboptical wavelength localization can We assume that the center-of-mass momentum of the
be achieved by using light-shift gradient for atom imagingatom A alongx axis does not change appreciably during its
[12]. passage through the standing wave. We can then neglect the
In this article we suggest a simple scheme to localize arkinetic energy term for the atom in the Raman-Nath approxi-
atom inside the standing wave during its motion. Thismation. The interaction Hamiltonian for the atof in the
scheme utilizes the idea that the frequency of the spontanelipole and rotating-wave approximations, is therefore given
ously emitted photon carries the information about the posiby
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Our scheme utilizes the fact that the frequency of the
spontaneously emitted photon is directly related to the
x-dependent Rabi frequency of the driving field. We now see
how the spectrum of the spontaneously emitted photons or
scattered light mimic the position probability of the center-
of-mass motion of an atom. The conditional probability
Scattered Light W(x;t| ey ) of finding the atomA at positionx at timet when

the detector atom excites to the Ie\l/el<0> is

Atom ‘B’

Detector
WOt ) = 20 KX )P (3
where
V0, ng ) =M@ (O (DI (1)
=Nf dx f(x)vaokoynq,ako(x;t)|x). (4)
Atom ‘A’

Here A is a normalization factor. Thus the conditional posi-

tion probability is given b
FIG. 1. Two-level atomA moving along thez axis and interact- P yi1sg y

ing with a resonant standing-wave light field of wave veckor W(X;t] )EW(X):|f(X)|2P(w,X,t), (5)
= w,p/C aligned along thex axis. The driven atorA radiates spon- 0
taneously in all directions. The detector at@nconsisting of the
ground level| 8) and a set of excited leve|g,), absorbs the emit-
ted photon in modé.

with w=|ko|/c and

P(x)=|N[*2 [Chg_n,.a (XiDI. (6)
ng 0 0

H(t)=hg(x)[|a)(b|+[b)(a|]+# > [gu(x)|a) o S
K HereP(w,X,t) is the filter function which is directly propor-

x(ble~ i wabth, +g* (x)|b)(ale (k—@antp 1T, tional to the excitation probability of the detector atom. The

(bl g (lb)al d problem therefore reduces to finding the excitation probabil-
(1) ity P(w,x,t) for a single photon detection.

. . . . The detector atom is interacting with the scattered light

where g(x) =G sin(xx) is the p(T)s,ltlon—depend.ept Rabi fre- 6 15 the decay of ator. The intgraction picture Hamil-g

quency, the operatorb, and b are the annihilation and y,hian for the interaction between the detector atom located

creation operators for the photons in the reservoir modeg; position vector and the scattered fieli~(r,t), in the

with frequencyr,=c|k|, andg,(x) is the coupling constant rotating-wave approximation, is
between the atom and the vacuum maédé& he state vector '

for the complete atom-field system is

Ho= =2 [Pu 00,68 (1,0
W)= [ ax 10010 [Cag, ny s06:0]2.01q.8) o e .
a akﬁ ﬁak ! )

+C X;t)|b,0 ,Ng, - L
b’oko’”q'ﬁ( ) OcyrNa A For the detector atom initially in its ground stdf¢) and the
. field in some statéf), the state of the atom-field system at
+C X;t)|b,0 ,Ng, . 2 . Lo
0.0, i, 5D [0,Ocy Mg )] @ timetis given by

where Cio, ,nq,ﬁ(x;t) is the position-dependent probability
0

. . o o (W (1)) =U,(1)] B)[F). tS)
amplitude with the atonA being in the leveli) (i=a,b)
with no spontaneously emitted photon present in the nkgde We then have
andn photons present in the modewhile the detector atom
remains in the ground levéB). Similarly vaokovnq'ako(X;t) (e ,
is the probability amplitude for the atomto be in the level w©)=|1 ﬁJtOdt Hat )} B)). ©

|b) after emitting one photon in thie,th mode and having
photons in the modg; the emitted photon is absorbed by the The probability of exciting the detector atom to IeVeL()} is

detector atonB exciting it to the statea, ) with no photon  found by calculating the expectation value of the projection
left in the koth mode. operator| ay )(ay,|, i.e.,
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P(w.x,8) = (W (1) e ) ar | W (1)). (10

The resulting expression for the excitation probability is

_50_2 T T B .
P(w,X,T)—hzftodtlj;odt2<E (I‘,tl)E (r,t2)>

x e lo(timt), (11
This excitation probabilityP(w,x,T) is therefore propor-
tional to the power spectrum of the scattered ligh#] emit-
ted from the atormA. In the steady stateTe>T" 1) the field

emitted by the atom is statistically stationary, i.e., the field

correlation function(E~(r,t;)E*(r,t,)) depends only on
the time differencer=t,—t,. We then obtain

P(w,X,OO)Z %RejowdT<E_(r;t)E+(r;t+ 7—)>e+iw7.

12

As the field operator& ~(r,t), E*(r,t) are proportional to
the atomic operators, (t), o_(t), respectively, we obtain

(E"(GOET(rt+ ) =lo(n{os(t)o_(t+1), (13

wherely(r) is a constant. The two-time correlation function
of atomic dipole operatofo (t)o_(t+ 7)) can be calcu-
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FIG. 2. Conditional position probability distributio®/(x) as a
function of normalized positiorxx(0< kx<27), and detuning\,
for g(x)>T". For A=0 there is a uniform position probability dis-
tribution over the wavelength domain of the standing wave. By an
increase iMA, maxima corresponding to atom localization at differ-
ent positions inside the standing waigitially near the nodes of
the standing wavefor four different values ofy(x), are observed.
These maxima move away from the nodes with increasing detuning.
For A= +2G, four maxima merge into two and lie on the antinodes
of the standing wave and fgA|>2G no resonances exist and a flat
position distribution over the wavelength domain is obtained.

This is the well-known three-peak Mollow spectrum, the

lated by using the quantum regression theorem. It follows ORnly difference being the position dependence of the Rabi

taking the Fourier transform ofo . (t)o_(t+ 7)) that the
power spectrum of fluorescence light[ 3]

14(F) 4g%(x) 472
00)= A
P(w,x,%0)=—,— (F2+892(X) I'?+8g%(x) o)
r C+

+ +
A%+ (T/2)?  (A+ w)?+(3T/4)?

C_
+ , 14
(A— )%+ (3I/4)? (19
whereA=w,,— w, u=4g%(x)—T?/16, and
3r|8g?(x)—I? I' | 40g%(x)—T2
_3I'|89°(%) (A 0g“(x) .
4 [8g%(x)+I? 4| 8g*(x)+TI?
(15

The expression foP(w) simplifies considerably when the

frequency.

In the resonance fluorescence spectrum we have three
peaks centered & =0 andA = *=2g. In our scheme of lo-
calization of an atom we replace the Rabi frequegayith
the position-dependent Rabi frequergix) = G sin(xx). The
peaks are now dependent and are located&t0 andA
=+2G sin(kx). The atom now undergoes a different Rabi
oscillation at a different position in a standing wave and we
get maxima in the position distribution corresponding to
these Rabi frequencies. In Fig. 2 we show a three-
dimensional plot of the conditional position distribution
W(x) for an initially broad wave packet as a function of the
normalized positionkx and detuningA. We note that for
zero detuning there is a uniform position probability distri-
bution over the wavelength domain of the standing wave.
This is due to the fact that the atom exhibits a pealdat
=0 for any value of Rabi frequency, and hence for all values
of kx. The heights of the peaks for all values of position are
the same and we therefore obtain a uniform position distri-
bution. Thus the conditional position distribution provides no

Rabi frequency is much larger than the decay rate of thénformation about the atom localization fa&x=0. An in-

atom i.e.,g(x)>I". The resulting expression for the spec-
trum is

3r/4 r

lo(r)
[A+29g(x)]?+(3I'/4)? " A%+ (T/2)?

8

P(w,x,o)=

3r/4
[A—29g(x)]%+ (3T/4)?

. (16)

crease in detuning corresponds to the localization of the atom
at different positions inside the standing wave, depending on
the value of the position-dependent Rabi frequenicy). We
obtain four maxima of same heights and widths in the region
O0<kx=<2m located at kx==*sin }A/2G)+nm (n=0,

+1). For small values of, these maxima are located near
the nodes of the standing wave. However, with the increased
detuning these peaks move towards the antinodes of the
standing wave. FoA = =2G, four maxima merge into two
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2.0 (a) (©

W(x) !0 FIG. 3. Conditional position
distribution W(x) with G/T"'=10
for (a) A/T'=5, (b) A/T'=10, (c)
A/T'=15, and (d A/T'=20,
clearly shows the dependence of
position information on the detun-
20 ing A. The solid line corresponds
) ® (@ to the conditional position distri-
bution W(x) and the dotted line
corresponds to the standing wave.
Hence position information is
available in the subwavelength
domain of the standing-light field.

0.0

W(x) 1-0

0.0
/2 0 /2 -n/2 0 /2

KX KX

and lie on the antinodes of the standing wave. There arkarge and the effect of the spontaneous emission, i.e., the
noresonances fgi\| >2G and we obtain a flat position dis- linewidth, is minimized.
tribution over the wavelength domain. The spatial resolution in our scheme depends on the ratio

These results indicate a strong correlation between thef G/I" and we must get a better spatial resolution for high
detuning of the scattered light and the position of the atomRabi frequencyG as compared to the decay rdie Apart
The measurement of a particular frequency corresponds twom the periodicity of the standing wave which results four
the localization of the atom in a subwavelength domain ofpeaks in a conditional position distribution within a unit
the standing wave. wavelength, a spatial resolution efA/60 can be achieved

A clearer picture of the dependence of the localizationfor a ratio of G/I'=10. This is a reasonable approximation
scheme of an atom on the position-dependent Rabi frequendgr the ratioG/I" because recent experiments in the optical
and detuning is demonstrated in Fig$a)3-3(d), where we  region on the realization of single atoms in the cavity QED
show two-dimensional plots of the conditional position dis-reported a ratio o5/T" of 8 [19] and in a more recent work
tribution W(x) as a function of normalized positiorx it is enhanced to approximately 2Q0].

(ranging from— 7— ) for four different values of detun- Here we mention again that the above power spectrum
ing, i.e., A/I'=5,10,15,20. The amplitude of the position- gives the conditional position distribution, i.e., the position
dependent Rabi frequency is taken to®d" = 10. Itis clear information is conditioned on the measurement of the fre-
from these plots that the best resolved peak is obtained afuency of the emitted light. The frequenayof the sponta-

A =G for which the signal-to-background ratio is maximum. neously emitted photon is related to the detuning parameter
We get a partial overlap of the adjacent peaks for the ranges, asw=w,p—A, whereA = *2g(x). Hence the detection
0<|A|<G and G<|A|<2G. This causes an enhancementof the spontaneously emitted photon gives the immediate
of the background. The strength of these overlaps and, corirformation about the position of the atom inside the opti-
sequently, the signal-to-background ratio depends on how

much the detuning deviates from the maximum valu&of 0.9
However, a complete overlap is observed fdor=0 and

+2G, which corresponds to the node and antinode, respec-

tively.

We also investigate the dependence of the width of the z 05
best resolved peaks, for which the signal-to-background ratio
is maximum, on the amplitude of the position-dependent
Rabi frequencyg(x) =G sin(xx) (Fig. 4). It is noted that the
width decreases with the increase in the amplit@def the
position-dependent Rabi frequency. The figure shows that 0 20 40 60 80 100
the decrease in the width of the peak is very sharp for the G/T
values of G/T" ranging from 2—20. Outside this limit the FIG. 4. Plot of width (v~ xAXx) versusG/T for the best re-
width decreases slowly to a certain minimum value and staysolved peaks4 = G) in the conditional position distributiow/(x).
practically asymptotic foG/I">100. This happens because, The plot shows a strong dependencenobn the amplitude of the
in this regime, the amplitude of the Rabi frequency is veryposition-dependent Rabi frequen6y
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